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ABSTRACT 


Time  resolved  emissions  from  C02  and  the  radiative  recombina- 
tion of  CO  and  0 (flame-band  emission)  have  been  monitored  in  a 
variety  of  N20/C0/Ar  mixtures.  These  mixtures  were  studied  behind 

reflected  shock  waves  at  temperatures  between  2100-3200  K and  total 

18  3 

concentrations  between  2.5-7.7X10  molec/cm  . The  flame-band  de- 
tector was  calibrated  so  that  absolute  concentrations  of  atomic  ox- 
ygen could  be  determined.  This  data  was  shown  to  be  consistent  with 
the  following  mechanism: 

N20  + M = N2  + 0 + M; 

N20  + 0 = 2N0  ; and 

n2o  + 0 = n2  + o2 

with  kj  = 4 . 5X1 0” 1 0 exp(-226kJ/RT)  cm3  molec"1  s'1  and  k?  = k3  = 

7.7X10"^  exp(-  1 1 7kJ/RT ) . This  combination  was  also  shown  to  be 
consistent  with  earlier  data  from  this  laboratory. 

C02  was  observed  to  increase  linearly  with  time  in  these  ex- 
periments and  an  apparent  recombination  rate  constant  defined  as 
kflpp  = dC02/dt/([C0]  [0]  [M])  was  measured  and  found  to  be  a function 
of  pressure.  This  behavior  was  attributed  to  the  presence  of  very 
small  concentrations  of  hydrogenous  impuri ti es . Data  at  higher  pres- 
sures were  used  to  estimate  the  rate  constant  for  the  recombination 

CO  + 0 + M = CO,  + M 

C J 

since  the  effect  of  impurities  was  minimized  here.  It  was  found 
that  ky  » (1.6  i 0.3)  X 10"34  cm6  molec-2  s-1  between  2100-3200  K. 
This  value  is  shown  to  be  consistent  with  recent  studies  of  C02 
dissociation  which  report  "normal"  activation  energies. 


INTRODUCTION 


Although  room  temperature  measurements  of  the  recombination 
reaction 

kr 

CO  + 0 + M CO,  + M 

Kd  c 

generally  show  good  agreement  [1],  there  is  no  such  consensus  at 

higher  temperatures.  Direct  high  temperature  measurements  have  been 

attempted  by  several  groups.  Brabbs  and  Belles  [2]  reported  6X 1 0 _ 3 5 

< kr  < 3X10"34  cm6-molec"2  -s"1  for  2800  < T < 3600  K.  The  results 

were  not  considered  sufficiently  precise  to  determine  the  effect  of 

temperature.  Lin  and  Bauer  [3]  reported  kr  = 7.8X10"  exp(+99.5 

kJ/RT)  for  1 500  <_  T <_  3000  K.  Hardy,  et  al.  ,[4]  investigated  the 

recombination  between  1200  and  2400  K and  determined  an  upper  limit 
- 34 

of  6X10  at  1500  K.  A comparison  of  these  values  shows  that  the 
lin-Eauer  results  are  highest  and  that  the  reported  negative  activa- 
tion energy  of  99.5  kJ  appears  to  be  too  large.  For  example,  the 
Lin-Bauer  value  at  1500  K is  forty  times  larger  than  the  upper  limit 
of  Hardy,  et  al.  Much  of  this  discrepancy  can  be  attributed  to  the 
choice  of  rate  constants  used  in  the  numerical  integrations  of  Lin 
and  Bauer. 

This  uncertainty  as  to  the  magnitude  and  temperature  dependence 
of  kp  is  particularly  unfortunate  since  there  exists  a corresponding 
uncertainty  with  regard  to  k^.  Here  activation  energies  have  ranged 
from  309  to  460  kJ/mole.  It  has  been  shown  [5]  that  small  concentra- 
tions of  organic  impurities  can  drastically  effect  the  interpreta- 
tions of  the  dissociation  experiments  and  thus  assignment  of  an  ac- 
tivation energy  to  the  dissociation  reaction  is  particularly  diffi- 
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cult.  A reliable  value  of  kp  at  high  temperatures  could  then  serve 
as  a useful  guide  in  assigning  an  activation  energy  to  k^. 

For  some  time  now  this  laboratory  has  been  utilizing  nitrous 
oxide  as  a high  temperature  source  of  oxygen  atoms^fi^T  Recently, 
an  independent  technique  has  been  used  to  calibrate  the  detector 
system  for  oxygen  atoms.  With  this  calibration  factor  known,  more 
refined  experlemnts  have  been  performed  in  which  the  absolute  oxy- 
gen atom  concentration  can  be  monitored  as  a function  of  time.  It 
was  found  that  only  slight  modifications  of  earlier  rate  constant 
assignments  were  required  to  quantitatively  explain  these  new  results. 
In  this  light  it  is  now  felt  that  the  dissociation  kinetics  of  NpO 
are  reasonably  well  understood.  Thus  the  Cot  production  rate  in  Nto/>, 


r i 


sub  r. 


2U,3 


CO  mixtures  has  been  measured  in  an  attempt  to  determine  k^A  It  is 
shown  that  small  amounts  of  impurities  can  drastically  affect  the 

A 

COp  production  rate.  Analysis  of  this  impurity  effect  has  yielded 

estimates  of  the  actual  recombination  rate  constant  between  2100 

■sub  r 

and  3200  K.  The  value  of  k^  determined  in  this  way  is  shown  to  be 

F sub  4 

consistent  with  the  recent  measurements  of  kyAreported  by  Wagner 
a nd  Kiefer  which  yielded  '''normal'1'  activation  energies 


for  COp  dissociation. 


I 
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EXPERIMENTAL 

The  7.6  cm  shock  tube  and  gas  handling  system  have  been  de- 
scribed previously  [9,10].  For  these  experiments  infrared  emission 
was  collimated  by  two  slits  1.5  mm  wide  and  5 mm  high  placed  50  mm 
apart.  The  CO^  emission  was  Isolated  with  a 4.27  pm  Interference 
filter  ( FWHM  3 0.18  pm);  it  was  then  focussed  by  a spherical  mir- 
ror onto  the  sensitive  element  of  a liquld-ni trogen-cool ed  indium 
antimonide  detector.  Visible  emissions  were  monitored  by  an  RCA 
1P28A/V1  photomultiplier  mounted  behind  a 450  nm  interference  fil- 
ter (FWHM  = 6.5  nm)  and  two  1 mm  wide  X 2 mm  high  collimating  slits 
38  mm  apart.  These  collimating  slits  are  smaller  than  those  used 
previously  to  further  reduce  the  amount  of  scattered  light  reaching 
the  detector.  The  visible  slits  used  here  resulted  in  a fiftyfold 
reduction  in  signal  relative  to  that  obtained  with  the  1.5  mm  wide 
X 19  mm  high  slits  used  earlier  [10].  Preliminary  experiments  with 
the  larger  slits  showed  peculiarities  along  portions  of  the  signal- 
time profile  that  disappeared  when  the  smaller  slits  were  used.  In 
like  manner,  the  somewhat  shorter  IR  slits  used  here  gave  better- 
shaped profiles  In  CO^  calibration  experiments. 

The  IR  detector-preamp  had  a nominal  response  time  of  1 psec 
and  the  response  time  of  the  visible  system  was  measured  to  be  less 
than  2 psec.  The  signals  from  these  detectors  were  recorded  on 
either  a Blomatlon  Model  805  transient  recorder  or  an  osci 1 loscope- 
camera  combination. 

Mixtures  were  made  with  N^O  supplied  by  either  Liquid  Carbonic 
(99.91  stated  minimum  purity)  or  AIRCO  (99.995*),  CO  supplied  by 
Matheson  (99.99%)  and  AIRCO  argon  (99.99981).  The  CO  was  slowly 
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passed  through  a coil  of  copper  tubing  at  77°  K prior  to  introduc- 
tion to  the  vacuum  line.  The  shock  tube  was  typically  pumped  to 
2.5  mPa  with  an  observed  1 eak-outgas si ng  rate  of  2.5  mPa/min.. 
Shocks  were  usually  initiated  within  one  minute  of  pump  isolation 
so  that  the  nominal  background  pressure  was  5 mPa.  Helium  was  used 
as  the  driver  gas  In  all  experiments,  and  shocks  were  Initiated 
by  both  spontaneous  and  manual  rupture  of  Mylar  diaphragms. 
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RESULTS 

A variety  of  N20/C0/Ar  mixtures  initially  at  pressures  of  1.2- 
4.0  kPa  were  heated  behind  reflected  shock  waves  to  2015-3440  K. 
Measured  Incident  shock  velocities  were  used  to  compute  the  no- 
reaction conditions  behind  the  reflected  shock.  As  in  the  earlier 
work  [6,10],  there  was  little  difference  in  conditions  calculated 
using  a constant  velocity  assumption  and  those  where  the  measured 
velocities  were  extrapolated  to  the  observation  window.  Invariably, 
these  two  methods  yielded  temperatures  within  40  K.  The  conditions 
listed  in  Table  I were  obtained  with  the  constant  velocity  assump- 
tion. 

A pressure  transducer  in  the  plane  of  the  observation  windows 
allowed  for  direct  measurement  of  the  post-shock  pressure  as  well 
as  to  serve  as  an  indicator  of  the  arrival  of  the  reflected  shock. 
These  arrival  times  were  consistent  with  those  calculated  from  the 
incident  shock  velocity  data.  The  agreement  between  the  measured 
and  calculated  post-shock  pressures  was  most  satisfactory.  For 
most  mixtures  the  observed  pressure  was  within  a few  percent  (i.e., 
the  measurement  error)  of  that  calculated.  In  the  worst  cases  the 
difference  was  only  6*.  This  pressure  profile  was  observed  to  be 
constant  over  the  Interval  where  time  resolved  emission  data  were 
obtained.  This  observation  was  taken  to  mean  that  the  Ideal  shock 
assumptions  were  applicable. 

The  signal  at  4.27  pm  was  observed  to  Increase  abruptly  upon 
shock  front  passage  and  then  decline  to  a non-zero  plateau  before 
beginning  to  increase  linearly  on  a time  scale  of  hundreds  of  micro- 
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seconds.  The  initial  rise  and  decay  is  due  to  N^O  emission  and 
the  non-zero  plateau  results  from  CO  emission.  The  linear  rise  at 
later  times  is  attributed  to  CO2  production.  The  measured  rate  of 
signal  change  in  this  linear  region  was  converted  to  a CO2  produc- 
tion rate  using  calibration  factors  obtained  in  a series  of  C02/Ar 
experiments.  It  was  shown  that  the  observed  signal  was  directly 
proportional  to  the  CO2  concentration  for  the  conditions  of  these 
experiments.  Values  observed  for  this  constant  rate  of  CO2  produc- 
tion are  listed  in  Table  I.  Data  reported  for  Mixtures  A & B were 
obtained  from  measurement  of  scope  traces,  whereas  all  other  data 
were  collected  with  the  transient  recorder. 

Systems  containing  oxygen  atoms  and  carbon  monoxide  are  known 
to  emit  radiation  whose  intensity  is  proportional  to  the  product  of 
the  concentrations  of  these  species  [11].  Here,  this  emission  was 
monitored  at  450  nm.  Schott's  partial  equilibrium  technique  [11] 
was  used  to  calibrate  this  signal  for  oxygen  atoms  by  shocking  a 
mixture  of  H2/02/C0/C02/Ar  to  2000-2700  K.  Quasistable  concentra- 
tions of  oxygen  atoms  and  carbon  monoxide  are  rapidly  attained  and 
remain  for  some  time  prior  to  the  onset  of  recombination.  These 
concentrations  are  easily  calculated  with  an  appropriate  set  of 
equilibrium  constants.  Background  emissions  were  estimated  from 
separate  experiments  with  an  H2/02/Ar  mixture  and  subtracted  from 
the  observed  signals.  Use  of  the  corrected  (constant)  signal  in 
conjunction  with  the  calculated  "partial-equilibrium"  concentrations 
of  CO  and  0 was  sufficient  to  calibrate  the  system.  The  observed 
temperature  dependence  of  this  calibration  factor  was  consistent 
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with  that  reported  by  Schott,  et  al  [11].  Use  of  this  factor  in 
the  N20/C0/Ar  experiments  was  straightforward.  The  observed  signal 
was  first  corrected  for  background  emissions  obtained  in  a series 
of  experiments  with  a 1%  N^O/Ar  mixture  at  an  initial  pressure  of 
2.7  kPa.  These  corrections  were  only  applied  to  those  N20/C0/Ar 
mixtures  with  1%  N20  and  initial  pressures  of  2.7  kPa.  The  ob- 
served C02  concentration  was  sufficiently  small  to  justify  the  as- 
sumption that  the  CO  concentration  remained  at  its  initial  value.  Use 
of  this  initial  value  and  the  calibration  factor  then  allowed  the 
corrected  signal  to  be  converted  into  a corresponding  oxygen  atom 
concentration.  It  was  observed  that  this  concentration  rapidly 
approached  a constant  value  which  was  maintained  for  hundreds  of 
microseconds.  In  some  cases  the  signal  was  observed  to  fall  slightly 
below  the  plateau  value  at  longer  times.  The  plateau  values  are 
listed  in  Table  I as  [ 0 ] r x n . Although  values  are  not  reported  for 
mixtures  other  than  those  when  the  background  emissions  were  avail- 
able, the  magnitude  of  the  uncorrected  signals  in  those  cases  were 
consistent  with  those  reported.  Values  of  [0]rxn  for  Mixtures  A 4 B 
were  obtained  from  the  transient  recorder,  and  those  for  Mixtures 
C & D were  taken  from  oscilloscope  traces.  It  is  felt  that  the 
data  obtained  from  the  oscilloscope  traces  are  less  accurate.  Here 
it  was  more  difficult  to  apply  background  corrections,  and  the 
voltages  could  not  be  measured  as  accurately.  It  is  estimated  that 
the  [0]rxn  data  in  Mixtures  A & B are  good  to  about  5%,  whereas 
that  in  C and  D are  only  good  to  10%. 


A. 
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DISCUSSION 

N^O  Dissociation  Kinetics.  It  is  generally  accepted  that  the  dis- 
sociation of  nitrous  oxide  occurs  via  the  following  mechanism  with 

k 1 1 = k 1 1 1 : 


N20 

+m=n2+o+m 

(I) 

n2o 

+ 0 = 2N0 

(II) 

n2o 

+ o = n2  + o2 

(III) 

Recent  work  in  this  laboratory  [6,10]  has  suggested  that  the  ratio 
k I / ( k 1 1 + ^ 1 1 1 ) much  higher  than  previously  thought  [12].  The 

concentration  of  atomic  oxygen  produced  in  N20  dissociation  is  clear- 
ly very  sensitive  to  the  value  of  this  ratio;  hence  the  observation 
of  oxygen  atom  concentrations  reported  in  this  work  allows  for  a 
more  definite  assignment  of  rate  constants  in  this  system.  Since 
CO  must  be  added  to  monitor  the  oxygen  atoms,  the  possibility  of  two 
competing  reactions  must  be  considered: 

CO  + n2o  - co2  + n2  (IV) 

CO  + 0 + M -*■  C02  + M (V) 

There  is  experimental  evidence  to  suggest  that  neither  of  these  reac- 
tions appreciably  perturbs  the  oxygen  atoms  produced  via  Reactions 
(I)-(III).  Note  in  Fig.  1 that,  within  the  scatter,  the  oxygen 
atom  concentration  is  not  decreased  as  CO  is  doubled.  This  obser- 
vation is  consistent  with  Lin  and  Bauer's  [3]  reported  value  of  kJV; 
use  of  that  value  in  calculations  showed  a negligible  decrease  in  the 
oxygen  atom  concentration  in  a mixture  of  It  N20/4.35%  CO/Ar.  The  ob- 
served constant  value  of  the  corrected  450  nm  signal  suggests  that 
Reaction  (V)  is  not  a major  sink  for  oxygen  atoms.  This  is  confirmed 


by  the  observed  low  C02  production  rates.  Thus  the  addition  of  CO  should  not 
affect  the  kinetics  of  Reactions  (I)-(III). 

Numerical  integrations  of  Reactions  (I)-(III)  were  done  with  various 
combinations  of  kj  - kjjj  in  an  attempt  to  simultaneously  match  the  observed 
concentrations  of  atomic  oxygen  reported  in  this  work  and  the  observed  N^O 
decay  rate  reported  earlier  [6].  For  completeness,  these  calculations  in- 
cluded Reaction  V with  ky  = 1.75X10  34  cm6  molec-2  The  effect  of  V was 

-34 

checked  by  varying  ky  from  1.5-2X10  . In  all  cases  this  change  resulted  in 

less  than  a 2%  change  in  the  0-atom  profile.  It  was  found  that  the  combination 
kj  = 4.5X10’10  exp(-226  kJ/RT)  cm3  molec'1  s 1 and  k^  = k^j  = 7.7X10"^ 
exp(-117  kJ/RT)  gave  a good  fit  to  both  these  observables.  Fig.  1 illustrates 
the  agreement  with  respect  to  oxygen  atom  production.  In  like  manner  this 
set  predicts  N20  decay  rates  well  within  the  standard  deviations  of  those 
observed  [6]  between  2000  and  3000  K. 

This  value  of  kj  compares  favorably  with  that  reported  earlier  [6],  while 
kjj  and  k^j  are  about  a factor  of  two  higher  than  earlier  suggestions.  Use 
of  these  new  values  also  gave  good  agreement  for  all  of  the  other  observations 
in  our  earlier  work.  These  new  assignments  make  possible  quantitative  agree- 
ment between  calculations  and  observations  regarding  the  N^O  decay  rate  [6], 
the  production  of  atomic  oxygen,  the  time  scale  for  atomic  oxygen  production 
[10],  and  the  effects  of  small  amounts  of  added  H2  [6]. 

This  success  in  modeling  a variety  of  types  of  data  on  the  N^O  system  sug- 
gests that  the  dissociation  kinetics  are  now  reasonably  well  understood.  Further 
support  for  this  contention  is  the  recent  work  of  Dove,  et  al.  [13]  who  report  a val 
for  k j j and  kjjj  in  this  temperature  range  in  excellent  agreement  with  that 
reported  here. 
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The  Recombination  of  0 and  CO.  The  observed  linear  rate  of  C02  pro- 
duction when  ^O/CO/Ar  mixtures  were  shocked  could  easily  be  ration- 
alized in  terms  of  Reactions  (I)-(III)  and  (V).  The  constant  flame- 
band  signal  is  perfectly  consistent  with  the  linear  rate  of  C02 
growth.  Here  the  detector  system  is  sufficiently  sensitive  that  the 

"initial  rate"  can  be  observed  on  a time  scale  of  hundred  of  micro- 

1 9 

seconds.  Fven  in  the  case  of  the  highest  observed  rates  of  ~10 
- 3 - 1 

molec  cm  s , the  amount  of  CO2  produced  in  500  ysec  is  only  10% 
of  the  0-atom  concentration  and  3%  of  the  CO  concentration.  Since 
C02  dissociation  has  been  shown  [7]  to  be  second  order  in  this  re- 
gion, the  recombination  reaction  is  expected  to  exhibit  third-order 
kinetics.  In  this  light, an  apparent  recomb i nation  rate  constant, 
kapp*  bas  been  defined  as 

dC02/dt 

kapp  = LC0Ji  [0jrxn  LMJ 

For  Mixtures  A-D,  [0]rxn  is  taken  as  the  observed  value  shown  in 

Table  I.  For  the  other  mixtures,  [ 0 ] r xn  was  calculated  using  values 

of  kj  - kjjj  which  gave  the  best  fit  to  the  N20  dissociation  kinetics. 

As  was  pointed  out  earlier,  the  observed  flame-band  signal  was 

consistent  with  those  calculated  values  of  [01  w„,  but  lack  of  a 

r x n 

background  correction  precluded  direct  use  of  the  flame-band  signal 

here.  Values  of  ka„„  are  listed  in  Table  I and  shown  in  Fig.  2. 

app 

A brief  inspection  of  Fig.  2 is  sufficient  to  suggest  that  kflpp 
cannot  be  directly  indentified  with  ky.  Such  an  attempt  would  not 
be  consistent  with  the  expectation  that  ky  was  measured  at  the  low 
pressure  limit  in  these  experiments.  Attempts  to  rationalize  the 
data  in  terms  of  the  recombination  occurring  in  the  fall-off  region 
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would  also  lead  one  Into  serious  difficulties.  This  would  conflict 
with  the  observations  of  Wagner  and  Zabel  £7j,  and  would  require 
that  fall-off  region  to  come  at  much  lower  pressures  than  expected 
for  such  a simple  molecule.  On  the  other  hand,  it  is  difficult  to 
rationalize  the  high  kapp  values  for  the  1.2  kPa  experiments  as  sim- 
ple experimental  error  since  additional  experiments  at  even  lower 
initial  pressures  yielded  even  higher  values  for  k 

aPP 

An  alternative  explanation  for  the  observed  pressure  dependence 
of  kapp  is  the  possibility  that  an  alternate  channel  for  C02  pro- 
duction is  opened  at  lower  pressures.  In  this  system  such  a possi- 
bility appears  quite  likely.  The  recombination  process,  being  third- 
order,  drops  off  rapidly  as  the  pressure  is  lowered  and  thus  a second- 
order  process,  though  negligible  at  higher  pressures,  could  begin  to 
make  a significant  contribution  to  the  total  rate.  In  this  system 
the  large  concentration  of  oxygen  atoms  can  rapidly  react  with  any 
hydrogenous  species  present  to  produce  OH  radicals.  These, in  turn, 
can  react  with  CO  to  produce  C02  via  OH  + CO  -*■  C02  + H.  This  effect 
would  not  simply  be  a transitory  perturbation  at  early  times  since 
the  hydrogen  atoms  produced  In  conjunction  with  the  C02  can  reform 
OH  by  reacting  with  02«  A simplified  mechanism  where  the  impurities 
are  assumed  to  be  either  H20  or  CH^  is  listed  in  Table  II.  Qualita- 
tive evidence  to  support  this  idea  of  impurity  effects  was  obtained 
from  a series  of  experiments  when  the  tube  was  only  pumped  a few 
minutes  prior  to  a shock.  Here  the  background  pressure  was  an 
order  of  magnitude  higher  than  normal.  It  was  observed  that  higher 
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values  of  kapp  were  obtained  at  all  initial  pressures,  but  that  the 
effect  was  much  more  dramatic  at  the  lower  pressures. 

The  Influence  of  small  amounts  of  impurities  were  estimated  by 
numerically  integrating  the  mechanism  shown  in  Table  II.  The  pro- 
cedure used  assigned  cn  (initially)  arbitrary  value  to  ky,  assigned 
concentrations  of  CH^  and  H^O,  and  treated  the  computed  C02  profile 

I 

in  exactly  the  same  way  as  the  experimental  profiles  to  obtain  a 
value  of  kapp*  Any  value  of  kapp/ky  greater  than  unity  demon- 

strated an  enhancement  in  C02  production  that  was  caused  by  the  im- 
purities. Several  calculations  included  the  recombination  reactions 
0 + 0 + M-*-02  + M and  0 + NO  + M •+■  N02  + M,  but  the  results  were 
not  changed  by  this  addition.  The  calculations  were  also  checked 
by  several  runs  at  zero  impurity  concentrations.  Here,  as  expected, 

kapp/kV  S 1-°* 

These  calculations  demonstrated  that,  under  certain  circumstances, 
the  C02  production  rate  was  remarkably  sensitive  to  very  small  impur- 
ity concentrations.  Of  particular  interest  was  the  observation  that 
the  C02  profile  exhibited  the  same  deceptively  simple  linear  growth 
even  when  an  appreciable  fraction  of  C02  was  being  produced  via  Reac- 
tion VII.  As  expected,  the  increase  in  the  value  of  k.,/ku  was  sig- 

app  v 

nificantly  greater  at  lower  Initial  pressures.  This  effect  is  further 
enhanced  by  the  fact  that  the  contribution  of  impurities  from  the 
shock  tube  via  outgassing  is  more  severe  (on  a relative  basis)  at  the 
lower  initial  pressures. 

The  impurities  that  might  be  present  In  these  experiments  are 
likely  to  come  from  either  those  Initially  present  in  the  gases  used 
or  those  arising  from  outgassing  of  the  shock  tube.  It  was  estimated 
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that  the  upper  limit  of  impurities  originally  in  the  gases  used  could 
be  represented  by  10  ppm  CH4  and  the  H20  pressures  arising  from 
outgassing  as  12  mPa;  these  estimates  are  well  above  those  computed 
from  the  nominal  purities  of  the  gases  and  the  measured  1 eak/outgass i ng 
rate.  Calculations  using  these  estimates  are  summarized  in  Table 
III.  The  reasonable  agreement  between  these  results  and  the  ob- 
served k values  strongly  suggests  that  the  variation  of  k with 
dPP  app 

pressure  can  be  ascribed  to  the  increasing  importance  of  side  reac- 
tions at  the  lower  pressures.  Attemptsto  quantitatively  correct  for 
these  impurity  effects  are  particularly  difficult.  Not  only  is  it 
impossible  to  accurately  determine  the  nature  and  concentration  of 
the  impurities,  but  the  detailed  mechanisms  and  associated  rate  con- 
stants are  uncertain.  The  prudent  approach  is  obviously  to  focus  on 
those  experiments  at  the  higher  pressures  where  the  effects  of  impuri- 
ties are  minimized.  Thus,  the  data  at  2.7  and  4.0  kPa  are  considered 
to  be  of  most  importance  in  assignment  of  a recombination  rate  con- 
stant. Note  in  Figure  2 that  these  data  are  consistent  with  the  con- 
cept that  the  impurity  contribution  is  small  here.  The  4.0  kPa  values 
are  only  slightly  lower  than  those  observed  at  2.7  kPa.  Also  note  that 
the  2.7  kPa  data  exhibit  essentially  no  temperature  dependence.  This 
is  significant  since  the  calculations  showed  a marked  increase  in  kapp 
at  lower  temperatures.  This  seems  to  suggest  that  the  actual  impurities 
in  the  2.7  kPa  mixture  were  even  smaller  than  assumed.  In  any  event, 
it  is  clear  that  the  data  unequivocally  rules  out  assignment  of  a 
large  negative  temperature  dependence  to  ky.  Figure  2 Indicates  that 
Mixture  E (at  4 kPa)  gives  values  of  k -10%  larger  than  Mixture  6. 

app 

Such  an  observation  is  also  consistent  with  the  impurity  hypothesis. 
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i 

i 

One  would  expect  Reaction  V to  proceed  ~3.7  times  as  rapidly  in  G 
with  its  increased  concentrations  of  0 and  CO.  Thus  the  possibility 
of  CO^  formation  via  VII  is  enhanced  in  Mixture  E relative  to  G. 

Mixture  G should  represent  the  k data  least  affected  by  impuri- 

app 

ties.  Table  III  suggests  that  here  k 5 1.15  kw.  However, the 

app  V 

apparent  overestimate  of  the  impurity  effect  at  2.7  kPa  suggests  that 

a reasonable  assessment  is  that  k is  less  than  10*  higher  than 

app 

ky.  Thus  it  would  appear  that  ky  s 1.6X10"34  cm6  molec"2  s’1  near 
2800  K.  The  lack  of  a temperature  dependence  in  the  2.7  kPa  experi- 
ments suggests  this  value  of  ky  is  a reasonable  estimate  over  the  en- 
tire range  of  these  experiments. 

The  three  most  likely  sources  of  systematic  error  in  these  ex- 
periments are  the  CO^  calibration  factor,  the  0-atom  determination,  and 
the  calculation  of  reflected  shock  concentrations.  The  measured 
(temperature-dependent)  calibration  factors  showed  good  reproduci- 
bility; it  is  estimated  that  the  error  1 ntroduced  In  the  conversion  of 
the  observed  signal  to  the  reported  CO2  production  rate  is  much  less 
than  10*.  The  0-atom  calibrations  were  done  with  several  mixtures 
at  low  initial  pressures  to  minimize  the  influence  of  recombination 
reactions .A1 though  errors  in  assignment  of  post-shock  concentrations 
are  potentially  serious  since  ky  is  a third  order  rate  constant, 
such  errors  are  believed  to  be  small  since  such  good  agreement  was 
obtained  between  measured  and  observed  pressures.  Thus  It  is  felt 
that  the  uncertainty  due  to  these  three  factors  is  on  the  order  of 

10*.  Standard  deviations  In  measured  values  of  k,„„  for  each  of  the 

app 

2.7  kPa  and  4.0  kPa  mixtures  were  obtained  as  an  estimate  of  the 
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measurement  errors.  The  average  of  the  quantity  2 o/lc  n was 

a pp 

1 5 X . Thus,  the  overall  uncertainty  in  this  work  appears  to 
be  on  the  order  of  20%  and  a reasonable  estimate  of  ky  is 
(1 .6±0.3)xl0"34  between  2100  and  3200  K. 

This  value  is  consistent  with  that  obtained  by  Brabbs  and 
Belles  [2]  and  the  limit  obtained  by  Hardy,  et  al.  [4],  but  is 
clearly  at  odds  with  that  reported  by  Lin  and  Bauer  [3].  In  a 
recent  review  [18],  Troe  combines  the  most  recent  studies  of  C02 
dissociation  [4,7,8]  with  the  well  established  recombination  rate 
data  at  low  temperatures  to  recommend  an  expression  for  the  recom- 
bination rate  between  300  and  3000  K.  This  expression  gives  ky  * 

1 . 1 8x1 0” 34  at  2100  K and  9.3xl0"35  at  3000  K.  It  is  felt  that  the 
agreement  between  this  expression  and  that  observed  in  this  work  is 
sufficiently  good,  both  in  magnitude  and  temperature  dependence,  to 
suggest  that  the  high  temperature  data  on  the  C02  system  is  now  con- 
sistent. In  particular,  this  work  presents  added  evidence  that  the 
dissociation  of  C02  exhibits  a "normal"  activation  energy  and  that 
the  lower  values  obtained  in  earlier  work  were  probably  due  to  com- 
plications introduced  by  impurities. 


Table  I.  Summary  of  Experimental  Observations 
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Table  I.  Summary  of  Experimental  Observations  (continued) 

Composition*  Tot.  Cone.  [0]rxn  dC02/dt  kflpp 
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Balance  of  all  mixtures  was  Argon. 
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Table  II.  Possible  Mechanism  for  C02  Production 


* 


Rate  Constant 

Reaction 

A 

-a 

Reference 

I 

N20  + M 

s 

N2  + 0 + 

M 

4.5 

E - 10 

226 

This  work 

II 

n2o  + 0 

= 

2N0 

7.7 

E - 11 

117 

This  work 

III 

n2o  + 0 

= 

n2  ♦ o2 

7.7 

E - 11 

117 

This  work 

V 

CO  + 0 + M 

s 

C02  + M 

1.7 

E - 34 

0 

See  text 

VI 

0 + H20 

s 

20H 

6.3 

E - 10 

82 

14 

VII 

OH  + CO 

s 

C02  + H 

3.8 

E - 12 

24 

15 

VIII 

H + 02 

s 

OH  + 0 

1.6 

E - 10 

63 

16 

IX 

0 + ch4 

s 

CH3  + OH 

2.6 

E - 10 

33 

17 

X 

0 + ch3 

= 

CH20  + H 

1.0 

E - 10 

0 

17 

XI 

0 + ch2o 

3 

H + CO  + 

OH 

1.0 

E - 10 

0 

17 

Expressed  in  the  Arrhenius  form,  k = A exp (-E./RT) . 

d 

A in  cm-molecule-sec  units;  Ea  in  kJ/mol. 
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Table  III.  Effect  of  Impurities  on  k 

app 


kapp  (10'34  cm**  molec-2  s~^) 


T ( °K) 

Mixture  F 
Pj  * 1.2  kPa 

(lOppm  H20  & CH4) 

Mixture  0 
Pi  = 2.7  kPa 

(5ppm  H20,  lOppm  CH^) 

Mixture  G 
Pf  = 4.0  kPa 

(3  ppm  H20,  lOppm  CH^) 

2200 

— 

2.93 

2600 

3.65 

2.40 

2.11 

3000 

3.05 

2.21 

1.96 

In  all  cases  the  rate  constants  in  Table  II  were  used. 
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LEGENDS 


Fig.  1.  Values  of  [0]rxn/[N20]i.  versus  temperature  at  initial 
pressuresof  2.7  kPa.  (a)  Mixtures  containing  -2%  CO: 

# = Mixture  A;  A = Mixture  B.  The  solid  line  is 

calculated  for  Mixture  B at  an  Initial  pressure  of  2.7 
kPa  using  the  rate  constants  cited  in  the  text.  (b) 

Mixtures  containing  -4.3%  CO:  O = Mixture  C;  A = 

Mixture  0.  The  solid  line  is  calculated  for  Mixture  C. 

Fig.  2 Values  of  the  apparent  rate  constant  for  recombination  ver- 
sus temperature.  Initial  pressures  near  1.2  kPa:  0=  Mix- 

ture F;  A = Mixture  C.  Initial  pressure  near  2.7  kPa: 

0 = Mixture  A;  A=  Mixture  B;  ■ = Mixture  C;  0=  Mix- 
ture 0;  ▼=  Mixture  E.  Initial  pressures  near  4.0  kPa: 

□ = Mixture  E;  Q = Mixture  G. 
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20  ABSTRACT  (Continue  on  rereree  tide  II  noceoemy  end  Identity  by  block  mm  bet) 

Time  resolved  emissions  from  CO2  and  the  radiative  recombination  of  CO  and 
0 (flame-band  emission)  have  been  monitored  in  a variety  of  N^O/CO/Ar  mixtures. 
These  mixtures  were  studied  behind  reflected  shock  waves  at  temperatures  be- 
tween 2100-3200K  and  total  concentrations  between  2.5-7xlOi8  molec/cm^.The 
flame-band  detector  was  calibrated  so  that  absolute  concentrations  of  atomic 
oxygen  could  be  determined.  This  data  was  shown  to  be  consistent  with  the 
following  mechanism:  N,,0  + M = <N?  + 0 + M;  N ?0  + 0 - 2N0;  and  N20  + 0 = N2  + 0? 
with  ki  = 4.5x1Q~10  exp(-226kJ/RT)  cm3  molec~  s-1  and  k2  = k3  = 7.7xl0~n 
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exp(-117kJ/RT).  This  combination  was  also  shown  to  be  consistent  with  earlier 
data  from  this  laboratory. 


C02  was  observed  to  Increase  linearly  with  time  in  these  experiments  and 
an  apparent  recombination  rate  constant  defined  as  kapc  = dC02/dt/([C0]  [0]  [M]) 
was  measured  and  found  to  be  a function  of  pressure,  inis  behavior  was 
attributed  to  the  presence  of  very  small  concentrations  of  hydrogenous  impuri- 
ties. Data  at  higher  pressures  were  used  to  estimate  the  rate  constant  for  the 
recombination  CO  + 0 + M = C02  + M,  since  the  effect  of  impurities  was 

that  kw  = M + D y in-31*  rm&  mnlor”^ 


minimized  here.  It  was  found  that  ky  = (1.6  ± 0.3)  x 10-3"  cm6  molec"2  s"1 


between  2100-3200  K.  This  value  is  shown  to  be  consistent  with  recent  studies 
of  C02  dissociation  which  report  "normal"  activation  energies. 


